During the Central Equatorial Pacific Experiment, ice crystal sizes and shapes were measured in an outflow anvil. A habit (i.e., column, bullet rosette, Koch fractal polycrystal, sphere) was assigned to each particle using a self-organized neural network based on simulations of how the maximum particle dimension and area ratio varied for random orientations of these crystals. Average ice crystal size and shape distributions were calculated for 25 km long segments at six altitudes using measurements from a two-dimensional cloud probe for crystals larger than 90 /zm and a parameterization for smaller crystals based on measurements from the Video Ice Particle Sampler (VIPS). Mean-scattering properties were determined by weighting the size and shape dependent single-scattering properties computed with ray-tracing algorithms according to scattering cross-section. Reflectances at 0.664, 0.875, 1.621, and 2.142 /zm were then calculated using a Monte Carlo radiative transfer routine. Although these reflectances agree reasonably with those measured by the MODIS airborne simulator (MAS) above the anvil, uncertainties in cloud base and system evolution prevent a determination of whether ray-tracing or anomalous diffraction theory better predict reflectance. The calculated reflectances are as sensitive to the numbers and shapes of crystals smaller than 90 /zm as to those of larger crystals. The calculated reflectances were insensitive to the classification scheme (i.e., neural network, discriminator analysis, and previously used classification scheme) for assigning particle shape to observed crystals. However, the reflectances significantly depended on assumed particle shape.
Introduction
The relationship between ice cloud radiative properties and crystal size and shape has not been well quantified. The nonsphericity of ice crystals and the wide variety of crystal shapes prohibit the use of a single theory, such as Mie theory for liquid cloud droplets, to describe the single-scattering properties of ice crystals.
Several studies [e.g., Kinne and Liou, 1989 ] have indicated that the radiative properties of clouds can depend significantly on the assumed particle shape.
The single-scattering properties of different idealized ice crystals, including hexagonal cylinders [e.g., Takano 
Single-Scattering Properties of Randomly Oriented Crystals
For this study, observed ice crystals are assigned one of the following shapes: sphere, column, bullet rosette, or polycrystal. The detailed morphometric information about these particle shapes (i.e., aspect ratios, pyramid angles, deformation parameters) replicates measured ice crystals as closely as possiblc• The relationship between diameter and length for hexagonal columns was assumed to follow tIeymsfield's [1973] relationship derived from microphotographs of replicas of ice crystals collected in silicone oil. This relationship differs only slightly from those of Auer and Veal [1970] and Mitchell and Arnott [1994] but differs more substantially from the relationship originally used to process the CEPEX data [e.g., MH96]. For the purpose of this study, particles with lengths greater than 1000 •um were never classified as columns because such large columns were not observed during CEPEX. Contrary to the study of Macke et al. [1998] , where columns were randomly oriented in three dimensions, here the hexagonal columns were assumed to fall with their long axis oriented horizontally, which is true for Reynolds numbers up to approximately 150. The crystals were randomly oriented in the horizontal. Any wobbling of the falling hexagonal crystals has been estimated as [see Jayaweera and Mason, 1965] and hence is ignored. Macke et al. [1996] showed that light scattering from hollow columns is representative of the scattering from most column-like particles, including hollow columns, solid bullets, and hollow bullets. Hence there was no need to distinguish between such forms in this study.
An assemblage of six branches, each oriented along one of the three-dimensional base vectors (i.e., x, y, z, -x,-y, and-z), was used to describe the bullet rosette geometry [Iaquinta et al., 1995, Figure 2, crystal 6-3] and calculate the single-scattering properties. The aspect ratio of each branch was identical to that of a column with the same length. Six branches was chosen as an average number based on observations from previous campaigns; estimates on the number of arms has ranged from 3-5 [Krupp, 1991; Miloshevich et al., 1992 ] to as many as 11 . Measures that aid in habit identification, such as area ratio and perimeter ratio, did depend on the number of branches, but Iaquinta et al. [1995] found that although the lateral and backward scattering from a rosette increased with the number of bullets, the normalized scattering phase functions differed by only 20% for crystals with threedimensional random orientations. Hence provided that the habit identification is performed correctly, differences due to the number of branches should not affect the single-scattering properties significantly. The angle of the pyramid making up the tip of the columns is estimated as 60 ø [Heymsfield, 1972] . The bullet rosettes are randomly oriented in three dimensions as they fall. Macke et al. [1996] approximated the difficult and highly complex geometric structure of a polycrystal by means of a three-dimensional Koch fractal, finding that a second generation polycrystal provided a similar scattering behavior to a third generation polycrystal. Macke etak [1996] also found that increasing the distortion of the polycrystals did not significantly alter the asymmetry parameter, and changes in radiance fields due to increasing the distortion of the Koch fractal are rather small [A. Macke, personal communication, 1998 ].
Hence undistored randomly oriented second-order polycrystals are used in the experiments reported here.
The single-scattering properties of these idealized crystals were computed at the MAS solar and near-infrared wavelengths (0.664, 0.875, 1.621, and 2.142 •um). The real and imaginary indices of refraction, shown in Table 1, were computed for these channels using the MAS spectral response fi•nctions and tabulated optical constants [Warren, 1984; Kou et al., 1994; Perovich and Govoni, 1994] . The properties were computed over a much wider range of crystal sizes than used by Macke et al. [1998] in order to take into account the high reso- hence the use of ray tracing for calculating the scattering properties is justified. For each crystal, 10,000 random orientations with 100 rays per crystal orientation were used to compute the single-scattering properties. These numbers offer a reasonable compromise between calculation speed and accuracy of simulated properties. Figure I shows examples of the phase functions for different wavelengths and different crystal shapes. For columns, despite differences in aspect ratio from those used by Macke et al. [1996, 1998 ], the phase functions appear similar to theirs with the 22 ø and 46 ø halo maxima. The bullet rosette, with its component bullets, clearly exhibits the 22 ø peak but not the 46 ø peak because of multiple total internal reflections and because of the pyramidal top which disables transmission at 90 ø prisms.
Application of Idealized Shapes to Observed Crystals
The crystal shapes for which the single-scattering properties are calculated are idealized representations of the shapes that occur in natural cirrus. Several examples of in situ measured crystals in outflow anvils during CEPEX are presented by MH96 and Heymsfield and McFarquhar [1996] . Very few of them are exact replicas of the idealized crystals used in this study as the observed shapes are highly variable, irregular, and nonuniform, making it difficult to characterize them by idealized crystals. This is especially true for the polycrystals, which do not truly have the Koch-fractal shape; in reality, polycrystals can include spatial crystals, aggregates, other irregular crystals, and potentially bullet rosettes. Nevertheless, the idealized crystals were chosen to offer the best possible representation of the observed crystals.
The observed in situ size distributions are represented as functions of crystal maximum dimension (which for the remainder of this paper is the maximum dimension either parallel or perpendicular to the flight direction because this is the quantity measured by the in situ probes) and area ratio (which is the ratio of the measured cross-sectional area compared to that of a circumscribed circle). A habit, or idealized shape, is assigned A habit is assigned to each crystal depending on the measured maximum dimension and area ratio.
to each particle based on these two measured quantities. Figure 2 shows the habit classification scheme that was originally used to process the CEPEX data from the April 4, 1993, case study. To better relate the observed crystals to the idealized crystals, a refined habit classification was also implemented. Simulations of one thousand random orientations of each of the idealized crystals were performed in order to determine the maximum dimensions and area ratios that would be measured by a VIPS or 2-DC probe. The mass and volume of the crystals were invariant under these orientations. Using these results, two different techniques were then applied to assign a crystal habit to each particle given the maximum dimension and area ratio.
The first technique used a discriminate analysis. Inspection of the simulation results shows that for a given crystal maximum dimension, columns, bullet rosettes, and polycrystals have increasing area ratios. Hence for a given maximum dimension the maximum likelihood area ratio that divides the populations of columns/bullet rosettes, and bullet roscttes/polycrystals is calculated.
The classification success rate is defined as the fraction of crystals with a known shape that would be identified as having that shape from the simulation results when the discriminant analysis classification scheme is applied. The success rate for the discriminate analysis was 76% for columns, 31% for bullet rosettes, and 90% for polycrystals. Given the complexities of naturally occurring ice crystals, it is likely that the rate of successful identification of their shapes would be lower. It was also found that this method for assigning particle habit does not work well when all three habit types occur simultaneously. Therefore a second technique, a self-organized neural network [Kohonen, 1995] was implemented to assign habit. The outputs of the network are poles (or [1996] determined that the majority of the two-dimensional images of these smaller crystals were "quasi-circular." Some of the crystals appeared to be remnants of frozen drops, whereas others could only be identified to have rounded edges. No evidence of the irregularities associated with tile polycrystal model was seen, and hence the Mie theory of scattering is used to calculate radiative properties for the base study described later. The importance of this assumption is addressed through sensitivity studies. Table 3 and Table 4 
Sensitivity Studies
Even though it is difficult to compare the observed and simulated reflectances, the April 4, 1993, CEPEX case still offers one of the few horizontal and vertical profiles of microphysical properties that have been obtained within a tropical anvil. Therefore using observed size and shape distributions as a guide, the modeled results are used to determine the most important factors that affect the observed multispectral reflectances. Table 6 summarizes the sensitivity studies that were performed in this investigation. One parameter was varied for each series of sensitivity studies. For the base case, the conditions listed under study 1) for all series were used. For all six series, the mean-scattering phase function •ext and cOo were computed independently for each of the experimental runs.
For series 1, in Figure 9 the solid circles represent the reflectances calculated using cOo and •ext from ADT, In series 3, the shapes of crystals with maximum dimensions smaller than 90 ttm were varied. Figure 11 shows the calculated reflectances assuming that all small crystals are spheres (S), columns (C), bullet rosettes (B), and polycrystals (P). When small crystals were assumed to be polycrystals, columns, or bullet rosettes In series 4, the effects of varying the numbers of small crystals were investigated. Figure 12 shows the calculated reflectances assuming that the number of small crystals is multiplied by 0, 2, 5, or 10 times the number calculated from the MH97 parameterization. The assumed numbers of small crystals can significantly affect the calculated radiance, especially for the visible wavelengths, but also for the near infrared. This is an important consideration, because many previous studies investigating cloud radiative properties used only data from optical array probes, which are unable to adequately estimate the numbers of crystals smaller than 100/•m with the high air speeds involved in the CEPEX study [Hobbs et al., 1996 In series 5, the shapes of both large and small ice crystals were varied, while the extinction optical depths were held constant. Because the optical array probes directly measure cross-sectional area, which is proportional to extinction optical depth, this is a quantity known with reasonable accuracy except for the crystals smaller than 90 bm. Only the scattering phase function and single-scattering albedo were varied between simulations. Figure 13 hence cloud top albedos. For remote sensing, this study implies that multispectral reflectances can be predicted if cloud properties are well known, but the sensitivity studies have shown that without a priori knowledge of ice crystal shapes, it is difficult to precisely solve the inverse problem to predict ice crystal sizes; additional information about ice cloud properties (e.g., geographic location, total optical depth, cloud type) may be needed to convert multispectral reflectances into bulk microphysical parameters. Further, using observed concentrations of small crystals, it has been clearly shown that these sizes affect the observed reflectance.
The knowledge gained from these sensitivity studies may help develop algorithms for satellites such as MODIS. Only four crystal shapes were considered during this study and observed crystal images can show substantial variability from these idealized crystal shapes. More realistic phase functions and representations of ice crystals are crucial for performing these radiative transfer codes. In addition, instantaneous vertical profiles throughout a cloud would be very beneficial so that simulated reflectances could be compared against observed reflectances to test the adequacy of the assumed particle shapes.
